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Fig. 10
crankshaft - 8 degrees
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Fig. 11
crankshaft - 20 degrees
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Fig. 28
crankshaft - 8 degrees
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Fig. 29
crankshaft - 20 degrees
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Fig. 30
crankshaft - 28 degrees
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Fig. 33
crankshaft - 60 degrees
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Fig. 34
crankshaft - 100 degrees
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Fig. 60
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Fig. 64
crankshaft - 30 deg.
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Fig. 66
crankshaft - 120 deg.
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Fig. 68
crankshaft - 240 deg.
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Fig. 69
crankshaft - 360 deg.
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Fig. 77B
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Fig. 788
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crankshaft
40 degrees
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US 9,341,110 B2

1
INTERNAL COMBUSTION ENGINE WITH
IMPROVED FUEL EFFICIENCY AND/OR
POWER OUTPUT

RELATED APPLICATIONS

This application claims the benefit of priority under 35
U.S.C. §119(e) of U.S. Provisional Application No. 61/193,
410, filed Nov. 26, 2008, and U.S. Provisional Application
No. 61/081,074, filed Jul. 16, 2008, the disclosures of which
are incorporated herein by reference.

FIELD OF THE DISCLOSURE

The present disclosure relates to internal combustion
engines. In particular, the present disclosure relates to internal
combustion engines with improved fuel efficiency and/or
power output.

BACKGROUND

High fuel costs and a desire to reduce undesirable emis-
sions associated with operation of internal combustion
engines has renewed interest in improving fuel efficiency
during operation. Thus, it may be desirable to improve the
efficiency of conventional internal combustion engines.

A conventional internal combustion engine includes a cyl-
inder block defining journals for receiving a crankshaft and
one or more cylinders housing a piston that is operably
coupled to the crankshaft at a crankpin via a connecting rod.
During conventional operation, the piston reciprocates within
the cylinder, such that during a power stroke of the internal
combustion engine, combustion of an air/fuel mixture within
a combustion chamber defined by the piston and the cylinder
forces the piston toward the crankshaft. As the piston travels
toward the crankshaft, the crankshaft is rotated via the con-
necting rod and crankpin, thereby converting the potential
energy associated with the air/fuel mixture into mechanical
work.

Due to the architecture of a conventional internal combus-
tion engine, when the piston is at a position within the cylin-
der that coincides with the maximum compression (i.e., the
combustion chamber is at its lowest volume when the piston
is farthest from the crankshaft), the axis of the connecting rod
and the axis of the crankpin tend to be nearly co-linear, if not
co-linear. At these relative positions, as the piston first begins
its movement toward the crankshaft during the power stroke,
there is only a very short moment arm (if any) created
between the axis of the connecting rod and the axis of the
crankpin. As a result, the force initially created by the air/fuel
mixture at the moment of combustion does not transfer as
much torque to the crankshaft as it would if the length of the
moment arm were greater. This situation may be particularly
undesirable because during combustion and very shortly
thereafter, the force on the piston due to the combustion event
approaches its maximum magnitude. Further, as the piston
travels down the cylinder toward the crankshaft and the length
of'the moment arm increases, the magnitude of the force from
the combustion event acting on the piston dissipates rapidly.
Thus, because there is a very short moment arm created
between the axis of the connection rod and the axis of the
crankpin during the time of maximum force on the piston,
efficiency ofthe work generated from the combustion process
may be less than desired.

Thus, it may be desirable to provide an internal combustion
engine with a configuration that improves the efficiency of the
internal combustion engine during operation. Further, it may
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2

be desirable to provide an internal combustion engine with a
configuration that permits tailoring of desired performance
characteristics.

SUMMARY

In the following description, certain aspects and embodi-
ments will become evident. It should be understood that the
aspects and embodiments, in their broadest sense, could be
practiced without having one or more features of these
aspects and embodiments. It should be understood that these
aspects and embodiments are merely exemplary.

One aspect of the disclosure relates to an internal combus-
tion engine. The internal combustion engine may include a
cylinder block defining a cylinder, the cylinder defining a
longitudinal axis. The internal combustion engine may fur-
ther include a crankshaft defining a crankpin, wherein the
crankshaft is rotatably received by the cylinder block and
rotates along a longitudinal axis, wherein the crankpin defines
a longitudinal axis parallel to and offset by a distance with
respect to the longitudinal axis along which the crankshaft
rotates. A line extending between the longitudinal axis along
which the crankshaft rotates and the longitudinal axis of the
crankpin defines a radial axis of the crankshaft. The internal
combustion engine may further include a connecting rod
defining a first end, a second end, and a longitudinal axis
extending between the first and second ends. The first end of
the connecting rod defines an aperture operably coupled to
the crankpin. The internal combustion engine may also
include a piston operably coupled to the second end of the
connecting rod. The internal combustion may further include
a bushing defining an external circumferential diameter and
an aperture defining an internal circumferential diameter. A
center defined by the external circumferential diameter and a
center defined by the internal circumferential diameter are
offset with respect to one another. The internal circumferen-
tial diameter is operably coupled to the crankpin and the
external circumferential diameter is operably coupled to the
aperture defined by the connecting rod, thereby operably
coupling the connecting rod to the crankpin. The internal
combustion engine may further include a bushing control
assembly operably coupled to the bushing and configured to
control oscillation of the bushing with respect to the aperture
of the connecting rod. Rotation of the crankshaft results in
reciprocating movement of the piston via the connecting rod
within the cylinder, the reciprocating movement defining a
compression stroke terminating when the radial axis of the
crankshaft is substantially aligned with the longitudinal axis
defined by the cylinder at a first stroke termination angle and
the crankpin is located proximate the cylinder with respect to
the longitudinal axis defined by the crankshaft. The recipro-
cating movement may further define a power stroke that ter-
minates when the radial axis of the crankshaft is substantially
aligned with the longitudinal axis defined by the cylinder ata
second stroke termination angle and the crankpin is located
distal the cylinder with respect to the longitudinal axis defined
by the crankshaft. The bushing control assembly may include
a bushing control plate defining an elongated profile having a
shape, and a bushing control rod configured to follow the
elongated profile, such that oscillation of the bushing is con-
trolled to delay initiation of the power stroke according to the
shape of the elongated profile.

According to another aspect, an internal combustion
engine may include a cylinder block defining a cylinder, the
cylinder defining a longitudinal axis. The internal combustion
engine may further include a crankshaft defining a crankpin,
wherein the crankshaft is rotatably received by the cylinder
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block and rotates along a longitudinal axis, wherein the
crankpin defines a longitudinal axis parallel to and offset by a
distance with respect to the longitudinal axis along which the
crankshaft rotates. A line extending between the longitudinal
axis along which the crankshaft rotates and the longitudinal
axis ofthe crankpin defines a radial axis of the crankshaft. The
internal combustion engine may further include a connecting
rod defining a first end, a second end, and a longitudinal axis
extending between the first and second ends. The first end of
the connecting rod defines an aperture operably coupled to
the crankpin. The internal combustion engine may also
include a piston operably coupled to the second end of the
connecting rod. The internal combustion may further include
a bushing defining an external circumferential diameter and
an aperture defining an internal circumferential diameter. A
center defined by the external circumferential diameter and a
center defined by the internal circumferential diameter are
offset with respect to one another. The internal circumferen-
tial diameter is operably coupled to the crankpin and the
external circumferential diameter is operably coupled to the
aperture defined by the connecting rod, thereby operably
coupling the connecting rod to the crankpin. The internal
combustion engine may further include a bushing control
assembly operably coupled to the bushing and configured to
control oscillation of the bushing with respect to the aperture
of the connecting rod. Rotation of the crankshaft results in
reciprocating movement of the piston via the connecting rod
within the cylinder, the reciprocating movement defining a
compression stroke terminating when the radial axis of the
crankshaft is substantially aligned with the longitudinal axis
defined by the cylinder at a first stroke termination angle and
the crankpin is located proximate the cylinder with respect to
the longitudinal axis defined by the crankshaft. The recipro-
cating movement may further define a power stroke that ter-
minates when the radial axis of the crankshaft is substantially
aligned with the longitudinal axis defined by the cylinder at a
second stroke termination angle and the crankpin is located
distal the cylinder with respect to the longitudinal axis defined
by the crankshaft. The bushing control assembly may include
a bushing control plate defining an internal cam having a
shape, and a bushing control rod defining a cam follower
configured to follow the shape of the internal cam. The bush-
ing control plate may be operably coupled to the crankpin via
the bushing, and the cam follower may be operably coupled to
the cylinder block, and oscillation of the bushing is controlled
to delay initiation of the power stroke according to the shape
of the internal cam.

According to still a further aspect, an internal combustion
engine may include may include a cylinder block defining a
cylinder, the cylinder defining a longitudinal axis. The inter-
nal combustion engine may further include a crankshaft
defining a crankpin, wherein the crankshaft is rotatably
received by the cylinder block and rotates along a longitudi-
nal axis, wherein the crankpin defines a longitudinal axis
parallel to and offset by a distance with respect to the longi-
tudinal axis along which the crankshaft rotates. A line extend-
ing between the longitudinal axis along which the crankshaft
rotates and the longitudinal axis of the crankpin defines a
radial axis of the crankshaft. The internal combustion engine
may further include a connecting rod defining a first end, a
second end, and a longitudinal axis extending between the
first and second ends. The first end of the connecting rod
defines an aperture operably coupled to the crankpin. The
internal combustion engine may also include a piston oper-
ably coupled to the second end of the connecting rod. The
internal combustion may further include a bushing defining
an external circumferential diameter and an aperture defining
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an internal circumferential diameter. A center defined by the
external circumferential diameter and a center defined by the
internal circumferential diameter are offset with respect to
one another. The internal circumferential diameter is oper-
ably coupled to the crankpin and the external circumferential
diameter is operably coupled to the aperture defined by the
connecting rod, thereby operably coupling the connecting rod
to the crankpin. The internal combustion engine may further
include a bushing control assembly operably coupled to the
bushing and configured to control oscillation of the bushing
with respect to the aperture of the connecting rod. Rotation of
the crankshaft results in reciprocating movement of the piston
via the connecting rod within the cylinder, the reciprocating
movement defining a compression stroke terminating when
the radial axis of the crankshaft is substantially aligned with
the longitudinal axis defined by the cylinder at a first stroke
termination angle and the crankpin is located proximate the
cylinder with respect to the longitudinal axis defined by the
crankshaft. The reciprocating movement may further define a
power stroke that terminates when the radial axis of the crank-
shaft is substantially aligned with the longitudinal axis
defined by the cylinder at a second stroke termination angle
and the crankpin is located distal the cylinder with respect to
the longitudinal axis defined by the crankshaft. The bushing
control assembly may be configured to delay initiation of the
power stroke until the crankshaft has rotated at least about 15
degrees beyond the first stroke termination angle of the com-
pression stroke.

Additional objects and advantages of the disclosure will be
set forth in part in the description which follows, and in part
will be obvious from the description, or may be learned by
practice of the disclosed embodiments.

Aside from the structural and procedural arrangements set
forth above, the embodiments could include a number of
other arrangements, such as those explained hereinafter. It is
to be understood that both the foregoing description and the
following description are exemplary only.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this description, illustrate several
exemplary embodiments and together with the description,
serve to explain the principles of the embodiments. In the
drawings,

FIG. 1 is a schematic partial perspective view of an exem-
plary embodiment of an engine;

FIG. 2 is a schematic partial perspective view from below
of the exemplary embodiment shown in FIG. 1;

FIG. 3 is aschematic side view of an exemplary crankshaft;

FIG. 4A is a schematic partial perspective view ofa portion
of the exemplary embodiment shown in FIG. 1;

FIG. 4B is a schematic partial section end view of the
exemplary embodiment shown in FIG. 1;

FIG. 5A is a schematic partial section front view of an
exemplary embodiment of a bushing;

FIG. 5B is a schematic partial section side view of the
exemplary bushing shown in FIG. 5A;

FIG. 5C is a schematic partial section back view of the
exemplary bushing shown in FIG. 5A;

FIG. 6 is a schematic perspective exploded view of exem-
plary embodiments of a bushing and bushing control plates;

FIG. 7 is a schematic top view of the exemplary embodi-
ment shown in FIG. 1;

FIG. 8 is a schematic perspective partial section view of the
exemplary embodiment shown in FIG. 1;



US 9,341,110 B2

5

FIG. 9A is a schematic partial section end view of the
exemplary embodiment shown in FIG. 1 with the crankshaft
at 0 degrees;

FIG. 9B is a detail view of a portion of FIG. 9A;

FIG. 10 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 1 with the crankshaft
at 8 degrees;

FIG. 11 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 1 with the crankshaft
at 20 degrees;

FIG. 12 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 1 with the crankshaft
at 28 degrees;

FIG. 13 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 1 with the crankshaft
at 40 degrees;

FIG. 14 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 1 with the crankshaft
at 48 degrees;

FIG. 15 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 1 with the crankshaft
at 60 degrees;

FIG. 16 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 1 with the crankshaft
at 100 degrees;

FIG. 17A is a schematic partial section end view of the
exemplary embodiment shown in FIG. 1 with the crankshaft
at 180 degrees;

FIG. 17B is a detail view of a portion of FIG. 17A;

FIG. 18 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 1 with the crankshaft
at 225 degrees;

FIG. 19 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 1 with the crankshaft
at 270 degrees;

FIG. 20 is a schematic partial perspective view of another
exemplary embodiment of an engine;

FIG. 21 is a schematic partial perspective view from below
of the exemplary embodiment shown in FIG. 20;

FIG. 22 is a schematic partial perspective view of a portion
of the exemplary embodiment shown in FIG. 20;

FIG. 23 is a schematic partial perspective view of a portion
of the exemplary embodiment shown in FIG. 20;

FIG. 24 is a schematic perspective exploded view of exem-
plary embodiments of a bushing and bushing control plates;

FIG. 25 is a schematic top view of the exemplary embodi-
ment shown in FIG. 20,

FIG. 26 is a schematic perspective partial section view of
the exemplary embodiment shown in FIG. 20;

FIG. 27A is a schematic partial section end view of the
exemplary embodiment shown in FIG. 20 with the crankshaft
at 0 degrees;

FIG. 27B is a detail view of a portion of FIG. 27A;

FIG. 28 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 20 with the crankshaft
at 8 degrees;

FIG. 29 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 20 with the crankshaft
at 20 degrees;

FIG. 30 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 20 with the crankshaft
at 28 degrees;

FIG. 31 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 20 with the crankshaft
at 40 degrees;
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FIG. 32 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 20 with the crankshaft
at 48 degrees;

FIG. 33 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 20 with the crankshaft
at 60 degrees;

FIG. 34 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 20 with the crankshaft
at 100 degrees;

FIG. 35A is a schematic partial section end view of the
exemplary embodiment shown in FIG. 20 with the crankshaft
at 180 degrees;

FIG. 35B is a detail view of a portion of FIG. 35A;

FIG. 36 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 20 with the crankshaft
at 225 degrees;

FIG. 37 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 20 with the crankshaft
at 270 degrees;

FIG. 38 is a schematic partial perspective view of still
another exemplary embodiment of an engine;

FIG. 39 is a schematic partial perspective view from below
of the exemplary embodiment shown in FIG. 38;

FIG. 40 is a schematic partial perspective view of a portion
of the exemplary embodiment shown in FIG. 38;

FIG. 41 is a schematic partial perspective view of a portion
of the exemplary embodiment shown in FIG. 38;

FIG. 42 is a schematic perspective exploded view of exem-
plary embodiments of a bushing and bushing control plates;

FIG. 43 is a schematic top view of the exemplary embodi-
ment shown in FIG. 38;

FIG. 44 is a schematic perspective partial section view of
the exemplary embodiment shown in FIG. 38;

FIG. 45A is a schematic partial section end view of the
exemplary embodiment shown in FIG. 38 with the crankshaft
at 0 degrees;

FIG. 45B is a detail view of a portion of FIG. 45A;

FIG. 46 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 38 with the crankshaft
at 8 degrees;

FIG. 47 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 38 with the crankshaft
at 20 degrees;

FIG. 48 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 38 with the crankshaft
at 28 degrees;

FIG. 49 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 38 with the crankshaft
at 40 degrees;

FIG. 50 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 38 with the crankshaft
at 48 degrees;

FIG. 51 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 38 with the crankshaft
at 60 degrees;

FIG. 52 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 38 with the crankshaft
at 90 degrees;

FIG. 53 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 38 with the crankshaft
at 120 degrees;

FIG. 54A is a schematic partial section end view of the
exemplary embodiment shown in FIG. 38 with the crankshaft
at 180 degrees;

FIG. 54B is a detail view of a portion of FIG. 54A;
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FIG. 55 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 38 with the crankshaft
at 270 degrees;

FIG. 56 is a schematic partial perspective view of a further
exemplary embodiment of an engine;

FIG. 57 is a schematic partial perspective view from below
of the exemplary embodiment shown in FIG. 56;

FIG. 58 is a schematic partial perspective view of a portion
of the exemplary embodiment shown in FIG. 56;

FIG. 59 is a schematic partial perspective view of a portion
of the exemplary embodiment shown in FIG. 56;

FIG. 60 is a schematic perspective exploded view of exem-
plary embodiments of a bushing and bushing control plates;

FIG. 61 is a schematic top view of the exemplary embodi-
ment shown in FIG. 56;

FIG. 62 is a schematic perspective partial section view of
the exemplary embodiment shown in FIG. 56;

FIG. 63A is a schematic partial section end view of the
exemplary embodiment shown in FIG. 56 with the crankshaft
at 0 degrees;

FIG. 63B is a detail view of a portion of FIG. 63A;

FIG. 64 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 56 with the crankshaft
at 30 degrees;

FIG. 65 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 56 with the crankshaft
at 60 degrees;

FIG. 66 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 56 with the crankshaft
at 120 degrees;

FIG. 67A is a schematic partial section end view of the
exemplary embodiment shown in FIG. 56 with the crankshaft
at 180 degrees;

FIG. 67B is a detail view of a portion of FIG. 67A;

FIG. 68 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 56 with the crankshaft
at 240 degrees;

FIG. 69 is a schematic partial section end view of the
exemplary embodiment shown in FIG. 56 with the crankshaft
at 360 degrees;

FIG. 70 is a schematic partial perspective view of still
another exemplary embodiment of an engine;

FIG. 71 is a schematic partial perspective view from below
of the exemplary embodiment shown in FIG. 70;

FIG. 72 is a schematic partial perspective view of a portion
of the exemplary embodiment shown in FIG. 70;

FIG. 73 is a schematic partial perspective view of a portion
of the exemplary embodiment shown in FIG. 70;

FIG. 74 is a schematic perspective view of an exemplary
camshaft;

FIG. 75 is a schematic top view of the exemplary embodi-
ment shown in FIG. 70,

FIG. 76 is a schematic perspective partial section view of
the exemplary embodiment shown in FI1G. 70;

FIG. 77A is a schematic partial section end view of the
exemplary embodiment shown in FIG. 70 with the crankshaft
at 0 degrees;

FIG. 77B is a detail view of a portion of FIG. 77A;

FIG. 78A is a schematic partial section end view of the
exemplary embodiment shown in FIG. 70 with the crankshaft
at 40 degrees;

FIG. 78B is a detail view of a portion of FIG. 78A;

FIG. 79A is a schematic partial section end view of the
exemplary embodiment shown in FIG. 70 with the crankshaft
at 60 degrees;

FIG. 79B is a detail view of a portion of FIG. 79A;
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FIG. 80A is a schematic partial section end view of the
exemplary embodiment shown in FIG. 70 with the crankshaft
at 100 degrees;

FIG. 80B is a detail view of a portion of FIG. 80A;

FIG. 81A is a schematic partial section end view of the
exemplary embodiment shown in FIG. 70 with the crankshaft
at 180 degrees; and

FIG. 81B is a detail view of a portion of FIG. 81A.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Reference will now be made in detail to exemplary
embodiments. Wherever possible, the same reference num-
bers are used in the drawings and the description to refer to the
same or like parts.

FIGS. 1-19 schematically illustrate a first exemplary
embodiment of an engine 10. Four other exemplary embodi-
ments are described, respectively, with respect to FIGS.
20-37, FIGS. 38-55, FIGS. 56-69, and FIGS. 70-81B.

In the first exemplary embodiment, exemplary engine 10 is
a reciprocating-piston internal combustion engine. As shown
in FIG. 1, engine 10 includes a cylinder block 12 defining a
number of cylinders 14, each defining a longitudinal axis CL.
In the exemplary embodiment shown, engine 10 has anin-line
configuration and four cylinders 14a, 145, 14¢, and 144.
Although exemplary engine 10 has a configuration com-
monly referred to as an “in-line four” configuration, engine
10 may have other configurations known to those skilled in
the art, such as, for example, configurations commonly
referred to as “V,” “W,” “H,” “flat,” “horizontally-opposed,”
and “radial”. Further, although exemplary engine 10 has four
cylinders, engine 10 may have other numbers of cylinders
known to those skilled in the art, such as, for example, one,
two, three, five, six, eight, twelve, sixteen, twenty, and
twenty-four. Thus, engine 10 may have, for example, any one
of configurations commonly referred to as “flat-four,” “flat-
six,” “in-line six,” “straight-eight,” “V-8,” “V-10,” “V-12,”
“W-12,” and “H-16.” Further, although exemplary engine 10
is described herein in relation to four-stroke operation, other
operations known to those skilled in the art are contemplated,
such as, for example, two-stroke, three-stroke, five-stroke,
and six-stroke operation.

As shown in FIG. 1, exemplary engine 10 includes pistons
16 corresponding to cylinders 14, for example, four pistons
164, 165 (see F1G. 4), 16¢ (see FIG. 4), and 16d. As shown in
FIG. 1, pistons 16a and 164 are positioned in the upper end
(i.e., “upper” being relative to the orientation of engine 10
shown in FI1G. 1) of cylinders 14a and 14d, respectively, while
pistons 165 and 16c¢ are not visible in FIG. 1 due to being
positioned lower in the cylinders 145 and 14c¢, respectively.
To the extent that the relative positions of the pistons 16 in the
cylinders 14 indicate a relative firing order of engine 10 (i.e.,
the sequential order of combustion events as identified by
cylinders), exemplary engine 10 may be configured to have a
different firing order, as is known to those skilled in the art.

As shown in FIG. 2, cylinder block 12 of exemplary engine
10 defines a number of bearings 18 for receiving a crankshaft
20, such that crankshaft 20 may rotate relative to cylinder
block 12 about a longitudinal axis CS defined by crankshaft
20. For example, as shown in FIG. 3, crankshaft 20 defines a
number of journals 22 corresponding to the number of bear-
ings 18 defined by cylinder block 12, and journals 22 are
received by bearings 18, such that crankshaft 20 may rotate
about longitudinal axis CS.

Exemplary crankshaft 20, as shown in FIG. 3, also defines
a number of crankpins 24 corresponding to the number of
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pistons 16. Crankpins 24 are circular in cross section, and the
respective circular cross-sections may define a center C (see
FIG. 8), which, in turn, defines a longitudinal crankpin axis
CP extending in a perpendicular manner through center C of
the cross-section of the respective crankpin 24, such that
crankpin axis CP is parallel and offset with respect to crank-
shaft axis CS. For example, crankpin axis CP is spaced a
distance T from the longitudinal axis CS of crankshaft 20.
Crankshaft 20 may also include a number of counterbalance
weights 26 for providing (or improving) rotational balance of
crankshaft 20 when assembled with pistons 14 and connect-
ing rods.

Referring to FIGS. 4A and 4B, in exemplary engine 10,
pistons 16 are operably coupled to crankshaft 20 viaa number
of connecting rods 28 corresponding to the number of pistons
16. In particular, connecting rods 28 define a first end 30
defining a first end aperture 32 for operably coupling con-
necting rod 28 to crankshaft 20 at crankpin 24. Connecting
rod 28 further defines a second end 34 defining a second end
aperture 36 for operably coupling connecting rod 28 to piston
16 via, for example, a pin 38. Connecting rod 28 further
defines a longitudinal axis CR extending between the center
of first end aperture 32 and second end aperture 36.

During operation of exemplary engine 10, as crankshatt 20
rotates, crankpins 24 revolve around crankshaft longitudinal
axis CR, such that crankpin centers C define a circular path
having a radius defined by the distance T defined along a
radial axis RA (see FIGS. 9A-19) extending between the
longitudinal axis CS of crankshaft 20 and the longitudinal
axis CP of the respective crankpins 24. Thus, first end aper-
tures 32 of connecting rods 28, which are rotatably coupled
with respect to crankpins 24, also revolve about the crank-
shaft axis CS. Second end apertures 36 of connecting rods 28
are constrained to move in a reciprocating and linear manner
due to being operably coupled to pistons 16, which are like-
wise constrained to move in a reciprocating and linear manner
within respective cylinders 14 defined by cylinder block 12.
As a result, as crankshaft 20 rotates, pistons 16 reciprocate
within respective cylinders 14, defining a piston stroke gen-
erally corresponding to twice the distance T between the
crankpin axis CP and the crankshaft axis CS, except as altered
and as explained in greater detail herein.

During operation of a conventional engine, a piston recip-
rocates within the cylinder, such that during a power stroke of
the internal combustion engine, combustion of an air/fuel
mixture within a combustion chamber defined by the piston
and the cylinder (and cylinder-head (not shown)) forces the
piston toward the crankshaft. As the piston travels toward the
crankshaft, the crankshaft is rotated via the connecting rod
and crankpin, thereby converting the potential energy asso-
ciated with the air/fuel mixture into mechanical work.

Due to the architecture of a conventional internal combus-
tion engine, however, when the piston is at a position within
the cylinder that coincides with the maximum compression
(i.e., the combustion chamber is at its lowest volume, this
condition coinciding with maximum compression, when the
piston is farthest from the crankshaft), the axis of the con-
necting rod and the axis of the crankpin tend to be nearly
co-linear, if not co-linear. At these relative positions, as the
piston first begins its movement toward the crankshaft during
the power stroke, there is only a very short moment arm (if
any) extending between the axis of the connecting rod and the
axis of the crankpin. As a result, the force initially created by
the air/fuel mixture at the moment of combustion does not
transfer as much torque to the crankshaft as it would if the
length of the moment arm were greater. This situation may be
particularly undesirable because during combustion and very
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shortly thereafter, the force on the piston due to the combus-
tion event approaches its maximum magnitude. Further, as
the piston travels down the cylinder toward the crankshaft and
the length of the moment arm increases, the magnitude of the
force from the combustion event acting on the piston dissi-
pates rapidly. Thus, because there is a very short moment arm
created between the axis of the connection rod and the axis of
the crankpin during the time of maximum force on the piston,
efficiency ofthe work generated from the combustion process
in a conventional internal combustion engine may be less than
desired.

Exemplary engine 10 is configured to employ a strategy
that delays any substantial movement of pistons 16 toward
crankshaft 20 during the power stroke, until crankshaft 20 has
rotated to point at which there is a more effective moment arm
between connecting rod axis CR and radial axis RA extending
between crankshaft axis CS and a respective crankpin axis
CP. As a result, a greater amount of the energy of the com-
bustion event may be captured because the maximum force
acting on pistons 16 coincides with a greater moment arm,
thereby resulting in more torque at crankshaft 20 during the
power stroke.

According to the exemplary embodiment of engine 10
shown in FIGS. 1-19, engine 10 includes a number of bush-
ings 40 (see FIGS. 5A-5C) configured to operably couple
respective connecting rods 28 to respective crankpins 24.
Engine 10 further includes a bushing control assembly 42
operably coupled to bushings 40 and configured to control
movement of bushings 40.

Referring to FIGS. 5A-5C, exemplary bushings 40 define
an external circumferential diameter D1 and an aperture 44
defining an internal circumferential diameter d1, wherein a
center C1 defined by external circumferential diameter D1
and a center c1 defined by internal circumferential diameter
d1 are offset with respect to one another by a distance L1.
Internal circumferential diameter d1 is configured to be oper-
ably coupled to one of crankpins 24, and external circumfer-
ential diameter D1 is configured to be operably coupled to
first end aperture 32 of connecting rod 28, thereby operably
coupling connecting rod 28 to crankpin 24 (see FIGS.
9A-19).

By virtue of center C1 of bushing 40 being offset from c1
by a distance L1, the center C of crankpin 34 is not concentric
with respect to the center of first end aperture 32 of connect-
ing rod 28 upon assembly to crankpin 24. Thus, by rotating
bushing 40 relative to first end aperture 32 of connecting rod
28 while coupled to crankpin 24, it is possible to alter and
control the effective length of connecting rod 28. Specifically,
the effective length of connecting rod 28 is defined by a
distance LC (see FIG. 4B) extending between the center of
crankpin 24 and the center of second end aperture 36 of
connecting rod 28, which operably couples connecting rod 28
to piston 16 via pin 38. In particular, by moving bushing 40
relative to connecting rod 28, the center of first end aperture
32 of connecting rod 28 may be moved closer and farther
away from the center of second end aperture 36 of connecting
rod 28, thereby altering the effective length LC of connecting
rod 28.

Exemplary bushings 40 may have a split construction, for
example, such that bushings 40 define two portions 40a and
405, which may be separated from one another to facilitate
assembly on crankpin 24. Upon assembly, bushing portions
40a and 405 may coupled to one another around crankpin 24
via one or more fasteners 44, such as, for example, bolts.
Bushings 40 may define one or more locator elements 46, for
example, an elongated recess, as shown in FIGS. 5A and 5C.
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Locator element 46 may facilitate connection and/or align-
ment between bushings 40 and bushing control assembly 42.

Referring to FIG. 6, exemplary bushing control assembly
42 includes one or more bushing control plates 48. Exemplary
bushing control plates 48 define a clearance 50 for crankpins
24 and an elongated profile 52 having, for example, a prede-
termined shape. For example, exemplary elongated profile
shown in FIG. 6 includes a first curved portion 52a, which
curves in a first direction, a second curved portion 5254, which
curves in a direction opposite the first direction (e.g., in a
radius smaller than a radius defined by first curved portion
52a), and a substantially straight portion 52¢ extending from
second curved portion 525. Although FIG. 6 schematically
depicts a relatively sharp radius at second curved portion 525,
this radius may be increased to provide aless abrupt transition
between first curved portion 52a and substantially straight
portion 52¢.

Bushing control plates 48 may also include one or more
plate locator elements 54, which are configured to cooperate
with locator elements 46 of bushings 40 in a complimentary
manner in order to provide a predetermined relationship
between bushings 40 and bushing control plate 48. For
example, plate locator elements 54 may include a protrusion
having a predetermined shape configured to fit within, for
example, an elongated recess of locator element 46 of bushing
40. According to some embodiments, the protrusion may be
part of bushing 40, and the recess may be defined by one or
more bushing control plates 48.

According to some embodiments, bushing control assem-
bly 40 includes two bushing control plates 48, for example, as
shown in FIG. 6, which sandwich bushing 40, such that pro-
trusion of plate locator element 54 extends through recess of
locator element 46 of bushing 40, and bushing control plates
48 are coupled to one another via one or more fasteners 56,
such as, for example, bolts.

Referring to FIGS. 1 and 4A, a bushing control rod 68 may
extend longitudinally with respect to cylinder block 12, such
that a longitudinal axis BC defined by bushing control rod 68
extends parallel with respect to crankshaft axis CS. Accord-
ing to the exemplary embodiment shown, a mount (not
shown) may operably couple bushing control rod 68 to engine
10 (e.g., via cylinder block 12), for example, in a fixed posi-
tion or in a selectively movable manner. Bushing control rod
68 may extend through elongate profile 52, so as to travel
along and within elongate profile 52 of bushing control plates
48. For example, as bushing control plates 48 move with
respect to bushing control rod 68, bushing control rod 68
follows elongated profile 52. Thus, in the exemplary embodi-
ment shown, elongated profile 52 of bushing control plates 48
functions as an internal cam, and bushing control rod 68
functions as a cam follower.

In the exemplary embodiment shown in FIGS. 1-19, one or
more sleeves 69 may be provided on bushing control rod 68.
For example, as shown in FIGS. 4A, 9A, and 9B, as well as
others, exemplary sleeves 69 are positioned between bushing
control rod 68 and elongate profiles 52 of respective bushing
control plates 48. Sleeves 69 may be formed from, for
example, hardened tool steel or a material having similar
properties. Sleeves 69 may be, or may include, rollers bear-
ings. Sleeves 69 may serve to reduce friction and/or wear of
elongate profiles 52 and/or bushing control rod 68.

As shown in FIGS. 1, 2, and 4A, the configuration of
elongated profile 52 of bushing control plates 48 may be
tailored to control movement of bushings 40 with respect to
respective connecting rods 28 and crankpins 34. Specifically,
bushing control plates 48 are operably coupled to bushings 40
as outlined previously herein. Thus, as bushing control plates
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48 oscillate with respect to connecting rods 28 and crankpins
24, bushing control plates 48 control orientation of bushings
40 within first end apertures 32 of connecting rods 28. Thus,
as bushing control plates 48 oscillate based on the shape of
elongated profile 52, bushings 40 oscillate within first end
apertures 32 of connecting rods 28. As a result, it is possible
to tailor the oscillation of bushings 40 by changing the shape
of elongated profile 52 of bushing control plates 48, as
explained in more detail herein, and alter the effective length
LC of connecting rod 28.

FIGS. 7-19 schematically illustrate exemplary operation of
engine 10 having exemplary bushings 40 and exemplary
bushing control assembly 42, which serve to delay piston 16’s
travel at the beginning of the power stroke of engine 10. In
particular, by placing exemplary bushing 40 between crank-
pin 24 and connecting rod 28, selective rotation of bushing 40
may be manipulated, such that the distance between the cen-
ter CP of crankpin 24 and the center of second end aperture 36
of connecting rod 28 attached to piston 16 (i.e., the effective
length L.C, as shown in FIG. 4B) may be selectively varied.
Such an exemplary embodiment renders it possible to effec-
tively hold piston 16 in cylinder 14 at a substantially fixed
position for a short period of time, even as crankpin 24 con-
tinues to revolve around crankshaft 20 as crankshaft 20
rotates. As a result, it is possible to hold piston 16 at the point
of highest compression in the combustion chamber while
crankpin 24 revolves to a position in which there is an
increased moment arm formed between the connecting rod
axis CR and the crankpin axis CP. In this exemplary manner,
the delaying strategy outlined below may be implemented.

For example, as shown in FIGS. 9A and 9B, crankshaft 20
is oriented such that radial axis RA defined by the center of
crankshaft 20 and the center of crankpin 24 is oriented at 0
degrees, which corresponds generally a first stroke termina-
tion angle 0, that generally coincides with the end of the
compression stroke. As shown in FIG. 9A, bushing 40 is
oriented relative to connecting rod 28, such that the effective
length L.C of connecting rod 28 is generally unaltered. As
shown in FIG. 9B, bushing control plate 48 and bushing
control rod 68 are related to one another such that bushing
control rod 68 is positioned generally at second curved por-
tion 526 of elongated profile 52. In this orientation, piston 16
is located generally at its farthest point from crankshaft axis
CS, its maximum stroke.

Referring to FIG. 10, radial axis RA of crankshaft 20 and
crankpin 24 has rotated 8 degrees from first stroke termina-
tion angle 0,. In a conventional engine, such rotation would
result in a substantial amount of movement of piston 16
downward away from the point of maximum stroke. As can be
seen in FIG. 10, however, piston 16 has not moved from the
point of maximum stroke. This results from slight rotation of
bushing 40 within first end aperture 36 of connecting rod 28,
which compensates for the movement of crankpin 24, the
effective length L.C of connecting rod 28 growing to offset the
downward portion of the motion of crankpin 24’s center.
Movement of bushing 40 is controlled by virtue of movement
of bushing control plate 48, which results from interaction
between elongated profile 52 and bushing control rod 68. As
can be seen, bushing control rod 68 has moved away from
second curved portion 525 of elongated profile 52 and into
first curved portion 52a by virtue of movement of crankpin 24
toward bushing control rod 68. As outlined in more detail
herein, bushing control rod 68 may be movably mounted
relative to cylinder block 12. However, as described with
respect to FIGS. 1-19, bushing control rod 68 is fixed with
respect to cylinder block 12, and thus, when bushing control
rod 68 is described as having moved relative to elongate
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profile 52, such movement is the result of movement of bush-
ing control plates 48 rather than movement of bushing control
rod 68 relative to cylinder block 12.

Referring to FIG. 11, radial axis RA of crankshaft 20 and
crankpin 24 has rotated 20 degrees from first stroke termina-
tion angle 6. In a conventional engine, such rotation would
result in a significant amount of movement of piston 16 down-
ward away from the point of maximum stroke. As can be seen
in FIG. 11, however, piston 16 has moved only 0.016 inch
from the point of maximum stroke. This results from a more
significant amount of rotation of bushing 40 (in the counter-
clockwise direction, as shown) within first end aperture 36 of
connecting rod 28, which compensates for the movement of
crankpin 24, the effective length L.C of connecting rod 28
increasing to offset the downward portion of the motion of
crankpin 24’s center. Movement of bushing 40 is controlled
by virtue of movement of bushing control plate 48, which
results from interaction between elongated profile 52 and
bushing control rod 68. As can be seen in FIG. 11, bushing
control rod 68 has moved farther away from second curved
portion 524 and farther into first curved portion 52« of elon-
gated profile 52 relative to FIG. 10 by virtue of movement of
crankpin 24 farther toward bushing control rod 68.

As shown in FIG. 12, radial axis RA of crankshaft 20 and
crankpin 24 has rotated 28 degrees from first stroke termina-
tion angle 6. In a conventional engine, such rotation would
result in a very significant amount of movement of piston 16
downward away from the point of maximum stroke. As can be
seen in FIG. 12, piston 16 has moved only 0.031 inch from the
point of maximum stroke. This results from a more significant
amount of rotation of bushing 40 in the counterclockwise
direction within first end aperture 36 of connecting rod 28,
which compensates for the movement of crankpin 24, the
effective length LC of connecting rod 28 continuing to
increase to offset the downward portion of the motion of
crankpin 24’s center. As can be seen in FIG. 12, bushing
control rod 68 has moved even farther away from second
curved portion 526 of elongated profile 52 farther into first
curved portion 52a relative to FIG. 11 by virtue of movement
of crankpin 24 farther toward bushing control rod 68.

As shown in FIG. 13, radial axis RA of crankshaft 20 and
crankpin 24 has rotated 40 degrees from first stroke termina-
tion angle 0, and still piston 16 has moved only 0.147 inch
from the point of maximum stroke. Bushing 40 has continued
to rotate even farther in the counterclockwise direction within
first end aperture 36 of connecting rod 28, thereby continuing
to compensate for movement of crankpin 24, the effective
length L.C of connecting rod 28 continuing to increase to
offset the downward portion of the motion of crankpin 24’s
center. As aresult of interaction between elongated profile 52
and bushing control rod 68, bushing control rod 68 has moved
even farther away from second curved portion 524 and even
father into first curved portion 52a of elongated profile 52
relative to FIG. 12 by virtue of movement of crankpin 24
farther toward bushing control rod 68.

Referring to FIG. 14, radial axis RA of crankshaft 20 and
crankpin 24 has rotated 48 degrees from first stroke termina-
tion angle 6, and piston 16 has started to exhibit a substantial
amount of movement of 0.349 inch from the point of maxi-
mum stroke. Thus, while it took 40 degrees of crankshaft
rotation for piston 16 to move 0.147 inch, in the 8 degrees
between 40 degrees and 48 degrees, piston 16 moved an
additional 0.202 inch from the point of maximum stroke.
Although bushing 40 has continued to rotate even farther in
the counterclockwise direction within first end aperture 36 of
connecting rod 28, the effect of the rotation no longer signifi-
cantly compensates for movement of crankpin 24, as the

10

20

25

30

35

40

45

50

55

60

14

effective length L.C of connecting rod 28 approaches its maxi-
mum. As a result of interaction between elongated profile 52
and bushing control rod 68, bushing control rod 68 has moved
only slightly in elongated profile 52 relative to FIG. 13.

FIG. 15 shows radial axis RA of crankshaft 20 and crank-
pin 24 as having rotated 60 degrees from first stroke termina-
tion angle 0,, and piston 16 exhibits a significant movement
01 0.698 inch from the point of maximum stroke. Although
bushing 40 has continued to rotate even farther in the coun-
terclockwise direction within first end aperture 36 of connect-
ing rod 28, the effect of the rotation no longer significantly
compensates for movement of crankpin 24, as the effective
length LC of connecting rod 28 has generally approached its
maximum. As a result of interaction between elongated pro-
file 52 and bushing control rod 68, bushing control rod 68 has
moved only slightly in elongated profile 52 relative to FIG.
14.

InFIG. 16, radial axis RA of crankshaft 20 and crankpin 24
has rotated 100 degrees from first stroke termination angle 6,
and piston 16 has moved 1.995 inches from the point of
maximum stroke. FIGS. 17A and 17B show radial axis RA of
crankshaft 20 and crankpin 24 rotated 180 degrees from first
stroke termination angle 0,, such that radial axis RA has
reached a second stroke termination angle 0, (i.e., the point of
minimum stroke), and piston 16 has moved 3.516 inches from
the point of maximum stroke. As can be seen in FIGS. 17A
and 17B, bushing 40 and bushing control plate 48 have started
to reverse direction of rotation, now rotating clockwise, as
shown. As a result of interaction between elongated profile 52
and bushing control rod 68, bushing control rod 68 has moved
back toward second curved portion 525 of elongate profile 52
by virtue of movement of crankpin 24 farther downward and
away from bushing control rod 68.

According to some embodiments, cylinder block 12, pis-
tons 16, and/or connecting rods 28, may be configured to
provide clearance for bushing control plates 48 as bushing
control plates 48 rotate to a position, for example, as shown in
FIGS. 14-16. For example, relative to some conventional
engines, cylinder block 12 may be configured to be taller
(e.g., cylinder block 12 may have a greater distance between
crankshaft bearings 18 and the distal end of cylinders 14),
pistons 16 may be configured to be shorter (e.g., pistons 16
may have shorter skirts), and/or connecting rods 28 may be
longer (e.g., there may be a greater distance between the
centers of first end apertures 32 and second end apertures 36)
(see FIG. 4B).

Referring to FIG. 18, radial axis RA of crankshaft 20 and
crankpin 24 has rotated 225 degrees from first stroke termi-
nation angle 0,, such that piston 16 has reversed direction and
has started to travel back toward the point of maximum stroke
and is 3.038 inches from the point of maximum stroke. As can
be seen in FIG. 18, bushing 40 and bushing control plate 48
continue rotate clockwise. As a result of interaction between
elongated profile 52 and bushing control rod 68, bushing
control rod 68 has moved well into substantially straight
portion 52¢ of elongate profile 52 due to movement of crank-
pin 24 even farther away from bushing control rod 68 relative
to FIGS. 17A and 17B.

InFIG. 19, radial axis RA of crankshaft 20 and crankpin 24
has rotated 270 degrees from first stroke termination angle 6,
and piston 16 continues to travel back toward the point of
maximum stroke and is 1.904 inches from the point of maxi-
mum stroke. As can be seen in FIG. 19, bushing 40 and
bushing control plate 48 continue rotate clockwise. As aresult
of interaction between elongated profile 52 and bushing con-
trol rod 68, bushing control rod 68 remains in substantially
straight portion 52¢ of elongate profile 52, in particular,
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almost at the very distal end of substantially straight portion
52c¢. This is due to movement of crankpin 24 even farther
away from bushing control rod 68 relative to FIG. 18. As
bushing 40 and bushing control plate 48 continue rotate
clockwise, they return to the relative orientations shown in
FIGS. 9A and 9B, which coincide with radial axis RA being
at the first stroke termination angle 8, of O degrees.

Thus, as demonstrated by the exemplary embodiment
shown in FIGS. 1-19, the effective length of connecting rod
28 is controlled to delay and slow the downward travel of
piston 16 based on the configuration of and/or interaction
between bushing 40, bushing control plate 48, elongated pro-
file 52, and bushing control rod 68. According to some
embodiments, this configuration and/or interaction can be
tailored to achieve desired performance characteristics of
exemplary engine 10, such as, for example, improved effi-
ciency, improved power output, improved responsiveness,
and/or improved torque. For example, the shape of elongated
profile 52 may be tailored to improve efficiency and/or power
of exemplary engine 10.

According to some embodiments, bushing control rod 68
may be fixed relative to cylinder block 12. According to other
embodiments, bushing control rod 68 may be movably
coupled with respect to cylinder block 12, such that, for
example, movement of bushing control rod 68 changes at
least one of the timing and magnitude of the delay of initiation
of the power stroke.

According to some embodiments, initiation of the power
stroke of exemplary engine 10 may be delayed until crank-
shaft 20 has rotated at least about 15 degrees beyond the first
stroke termination angle 0, of the compression stroke. In
other embodiments, initiation of the power stroke may be
delayed until crankshaft 20 has rotated at least about 20
degrees beyond the first stroke termination angle 0, of the
compression stroke (e.g., atleast about 25 degrees beyond the
first stroke termination angle 6, ). In other embodiments, rota-
tion may be set to about 30, 35, or 40 degrees (see, e.g., FIG.
13) beyond the first stroke termination angle 6, of the com-
pression stroke.

Exemplary engine 10, may be incorporated into a power
train, for example, including a transmission operably coupled
to engine 10 and a drive member configured to perform work,
the drive member being operably coupled to the transmission.
For example, the drive member may include a propulsion
device, such as, for example, a wheel or a propeller. Accord-
ing to some embodiments, such a power train may include a
generator configured to convert rotational power into electri-
cal power, the generator being operably coupled to exemplary
engine 10. Such a power train may include a power storage
device (e.g., one or more batteries) operably coupled to the
generator and configured to store electrical power. According
to some embodiments, the transmission may include one or
more electric motors.

Moreover, exemplary engine 10 may be incorporated into
avehicle including a transmission operably coupled to engine
10 and a drive member configured to perform work and being
operably coupled to the transmission. For example, the drive
member may include a propulsion device, such as, for
example, a wheel or a propeller. For example, the vehicle may
be a car, van, truck, boat, ship, train, or air vehicle. Such a
vehicle may include exemplary engine 10 operably coupled
to a generator configured to convert rotational power into
electrical power, and a power storage device operably
coupled to the generator and configured to store electrical
power. The transmission may be, for example, an electric
motor.
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FIGS. 20-37 schematically illustrate a second exemplary
embodiment of engine 10. The exemplary embodiment
shown in FIGS. 20-37 is similar to exemplary engine 10
shown in FIGS. 1-19. For example, exemplary embodiment
of engine 10 shown in FIGS. 20-37 includes a number of
bushings 40 configured to operably couple respective con-
necting rods 28 to respective crankpins 24. Engine 10 further
includes a bushing control assembly 42 operably coupled to
bushings 40 and configured to control movement of bushings
40.

Referring to FIG. 24, exemplary bushing control assembly
42 includes one or more bushing control plates 48. Exemplary
bushing control plates 48 define a clearance 50 for crankpins
24 and an elongated profile 52 having, for example, a prede-
termined shape, as explained in more detail herein. Bushing
control plates 48 may also include one or more plate locator
elements 54, which are configured to cooperate with locator
elements 46 of bushings 40 in a complimentary manner in
order to provide a predetermined relationship between bush-
ings 40 and bushing control plate 48. For example, plate
locator elements 54 may include a protrusion having a pre-
determined shape configured to fit within, for example, an
elongated recess of locator element 46 of bushing 40. Accord-
ing to some embodiments, the protrusion may be part of
bushing 40, and the recess may be defined by one or more
bushing control plates 48.

According to some embodiments, bushing control assem-
bly 40 includes two bushing control plates 48, for example, as
shown in FIG. 24, which sandwich bushing 40, such that
protrusion of plate locator element 54 extends through recess
of locator element 46 of bushing 40, and bushing control
plates 48 are coupled to one another via one or more fasteners
56, such as, for example, bolts.

Referring to FIGS. 20 and 22, a bracket 58 may be operably
coupled to engine 10, for example, via cylinder block 12.
Exemplary bracket 58 includes a member 60 extending lon-
gitudinally with respect to cylinder block 12 and one or more
retainers 62 extending from member 60 toward cylinder
block 12. Exemplary retainers 62 each define a space 64 and
apertures 66 receiving a bushing control rod 68, which
extends longitudinally with respect to cylinder block 12.
According to the exemplary embodiment shown, a link 70
extends from bushing control rod 68 and terminate at a distal
end defining an aperture 72 (see FIGS. 22 and 23). Link 70
may be implemented by one or a pair of links. A pin 74
operably couples each pair of links 70 to elongated profile 52
of'bushing control plate 48, such that pins 74 are able to travel
within elongated profile 52.

In the exemplary embodiment shown in FIGS. 20-37,
sleeves 69 may be provided on bushing control rods 68,
and/or sleeves 75 may be provided on pins 74. For example,
as shown in FIGS. 22 and 23, exemplary sleeves 69 are
positioned between bushing control rods 68 and links 70, and
exemplary sleeves 75 are positioned between pins 74 and
elongate profiles 52 of respective bushing control plates 48.
Sleeves 69 and 75 may be formed from, for example, hard-
ened tool steel or a material having similar properties. Sleeves
69 and 75 may be, or may include, roller bearings. Sleeves 69
and/or 75 may serve to reduce friction and/or wear of elongate
profiles 52, links 70, pins 74, and/or bushing control rods 68.

As shown in FIGS. 20 and 21, links 70 are coupled to
bushing control rod 68 and bushing control plates 48 in such
a manner as to permit links 70 to pivot on bushing control rod
68 in an oscillating manner. As a result, as bushing control
plates 48 move with respect to bushing control rod 68, pins 74
follow elongated profile 52. Thus, in the exemplary embodi-
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ment shown, elongated profile 52 of bushing control plates 48
functions as an internal cam, and pins 74 function as cam
followers.

According to some embodiments, a biasing system (not
shown) may be provided to bias the position of the ends of
links 70 at pins 74 toward the right (as shown in FIGS.
27A-37). Such a biasing system may comprise, for example,
one or more springs, pneumatic members, and/or hydraulic
members.

As shown in FIGS. 20-23, the configuration of elongated
profile 52 of bushing control plates 48 and links 70 may be
tailored to control movement of bushings 40 with respect to
respective connecting rods 28 and crankpins 34. Specifically,
bushing control plates 48 are operably coupled to bushings 40
as outlined previously herein. Thus, as bushing control plates
48 oscillate with respect to connecting rods 28 and crankpins
24, bushing control plates 48 control orientation of bushings
40 within first end apertures 32 of connecting rods 28. Thus,
as bushing control plates 48 oscillate based on the shape of
elongated profile 52 and links 70, bushings 40 oscillate within
first end apertures 32 of connecting rods 28. As a result, it is
possible to tailor the oscillation of bushings 40 by changing
the shape of elongated profile 52 of bushing control plates 48
and/or links 70, as explained in more detail herein, and alter
the effective length L.C of connecting rod 28.

FIGS. 25-37 schematically illustrate exemplary operation
of engine 10 having exemplary bushings 40 and exemplary
bushing control assembly 42, which serve to delay piston 16’s
travel at the beginning of the power stroke of engine 10. In
particular, by placing exemplary bushing 40 between crank-
pin 24 and connecting rod 28, selective rotation of bushing 40
may be manipulated, such that the distance between the cen-
ter CP of crankpin 24 and the center of second end aperture 36
of connecting rod 28 attached to piston 16 (e.g., the effective
length L.C, as shown in FIG. 4B) may be selectively varied.
Such an exemplary embodiment renders it possible to effec-
tively hold piston 16 in cylinder 14 at a substantially fixed
position for a short period of time, even as crankpin 24 con-
tinues to revolve around crankshaft 20 as crankshaft 20
rotates. As a result, it is possible to hold piston 16 at the point
of highest compression in the combustion chamber while
crankpin 24 revolves to a position in which there is an
increased moment arm formed between the connecting rod
axis CR and the crankpin axis CP. In this exemplary manner,
the delaying strategy outlined below may be implemented.

For example, as shown in FIGS. 27A and 27B, crankshaft
20 is oriented such that radial axis RA defined by the center of
crankshaft 20 and the center of crankpin 24 is oriented at O
degrees, which corresponds generally a first stroke termina-
tion angle 0, that generally coincides with the end of the
compression stroke. As shown in FIG. 27A, bushing 40 is
oriented relative to connecting rod 28, such that the effective
length L.C of connecting rod 28 is generally unaltered. As
shown in FIG. 27B, bushing control plate 48 and link 70 are
related to one another such that pin 74 is positioned at a
proximal end (with respect to link 70) of elongated profile 52.
In this orientation, piston 16 is located generally at its farthest
point from crankshaft axis CS, its maximum stroke.

Referring to FIG. 28, radial axis RA of crankshaft 20 and
crankpin 24 has rotated 8 degrees from first stroke termina-
tion angle 0,. In a conventional engine, such rotation would
result in a substantial amount of movement of piston 16
downward away from the point of maximum stroke. As can be
seen in FIG. 28, however, piston 16 has not moved from the
point of maximum stroke. This results from slight rotation of
bushing 40 within first end aperture 36 of connecting rod 28,
which compensates for the movement of crankpin 24, the
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effective length L.C of connecting rod 28 growing to offset the
downward portion of the motion of crankpin 24’s center.
Movement of bushing 40 is controlled by virtue of movement
of bushing control plate 48, which results from interaction
between elongated profile 52, link 70, and pin 74. As can be
seen, pin 74 has moved away from the proximal end of elon-
gated profile 52 by virtue of movement of crankpin 24 toward
link 70 and pin 74.

Referring to FIG. 29, radial axis RA of crankshaft 20 and
crankpin 24 has rotated 20 degrees from first stroke termina-
tion angle 0. In a conventional engine, such rotation would
result in a significant amount of movement of piston 16 down-
ward away from the point of maximum stroke. As can be seen
in FIG. 29, however, piston 16 has moved only 0.016 inch
from the point of maximum stroke. This results from a more
significant amount of rotation of bushing 40 (in the counter-
clockwise direction, as shown) within first end aperture 36 of
connecting rod 28, which compensates for the movement of
crankpin 24, the effective length LC of connecting rod 28
increasing to offset the downward portion of the motion of
crankpin 24’s center. Movement of bushing 40 is controlled
by virtue of movement of bushing control plate 48, which
results from interaction between elongated profile 52, link 70,
and pin 74. As can be seen in FIG. 29, pin 74 has moved
farther away from the proximal end of elongated profile 52
relative to FIG. 28 by virtue of movement of crankpin 24
farther toward link 70 and pin 74.

As shown in FIG. 30, radial axis RA of crankshaft 20 and
crankpin 24 has rotated 28 degrees from first stroke termina-
tion angle 0,. In a conventional engine, such rotation would
result in a very significant amount of movement of piston 16
downward away from the point of maximum stroke. As can be
seen in FIG. 30, piston 16 has moved only 0.031 inch from the
point of maximum stroke. This results from a more significant
amount of rotation of bushing 40 in the counterclockwise
direction within first end aperture 36 of connecting rod 28,
which compensates for the movement of crankpin 24, the
effective length LC of connecting rod 28 continuing to
increase to offset the downward portion of the motion of
crankpin 24’s center. As can be seen in FIG. 30, pin 74 has
moved even farther away from the proximal end of elongated
profile 52 relative to FI1G. 29 by virtue of movement of crank-
pin 24 farther toward link 70 and pin 74.

As shown in FIG. 31, radial axis RA of crankshaft 20 and
crankpin 24 has rotated 40 degrees from first stroke termina-
tion angle 0, and still piston 16 has moved only 0.147 inch
from the point of maximum stroke. Bushing 40 has continued
to rotate even farther in the counterclockwise direction within
first end aperture 36 of connecting rod 28, thereby continuing
to compensate for movement of crankpin 24, the effective
length L.C of connecting rod 28 continuing to increase to
offset the downward portion of the motion of crankpin 24’s
center. As a result of interaction between elongated profile 52,
link 70, and pin 74, pin 74 has moved even farther away from
the proximal end of elongated profile 52 relative to FIG. 30 by
virtue of movement of crankpin 24 farther toward link 70 and
pin 74.

Referring to FIG. 32, radial axis RA of crankshaft 20 and
crankpin 24 has rotated 48 degrees from first stroke termina-
tion angle 6, and piston 16 has started to exhibit a substantial
amount of movement of 0.349 inch from the point of maxi-
mum stroke. Thus, while it took 40 degrees of crankshaft
rotation for piston 16 to move 0.147 inch, in the 8 degrees
between 40 degrees and 48 degrees, piston 16 moved an
additional 0.202 inch from the point of maximum stroke.
Although bushing 40 has continued to rotate even farther in
the counterclockwise direction within first end aperture 36 of
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connecting rod 28, the effect of the rotation no longer signifi-
cantly compensates for movement of crankpin 24, as the
effective length L.C of connecting rod 28 approaches its maxi-
mum. As a result of interaction between elongated profile 52,
link 70, and pin 74, pin 74 has moved only slightly in elon-
gated profile 52 relative to FIG. 31.

FIG. 33 shows radial axis RA of crankshaft 20 and crank-
pin 24 as having rotated 60 degrees from first stroke termina-
tion angle 0,, and piston 16 exhibits a significant movement
01 0.698 inch from the point of maximum stroke. Although
bushing 40 has continued to rotate even farther in the coun-
terclockwise direction within first end aperture 36 of connect-
ing rod 28, the effect of the rotation no longer significantly
compensates for movement of crankpin 24, as the effective
length L.C of connecting rod 28 has generally approached its
maximum. As a result of interaction between elongated pro-
file 52, link 70, and pin 74, pin 74 has moved only slightly in
elongated profile 52 relative to FIG. 32.

InFIG. 34, radial axis RA of crankshaft 20 and crankpin 24
has rotated 100 degrees from first stroke termination angle 6,
and piston 16 has moved 1.995 inches from the point of
maximum stroke. FIGS. 35A and 35B show radial axis RA of
crankshaft 20 and crankpin 24 rotated 180 degrees from first
stroke termination angle 8,, such that radial axis RA has
reached a second stroke termination angle 6, (i.e, the point of
minimum stroke), and piston 16 has moved 3.516 inches from
the point of maximum stroke. As can be seen in FIGS. 35A
and 35B, bushing 40 and bushing control plate 48 have started
to reverse direction of rotation, now rotating clockwise, as
shown. As a result of interaction between elongated profile
52, 1ink 70, and pin 74, pin 74 has moved back to the proximal
end of elongated profile 52 by virtue of movement of crankpin
24 farther downward and away from link 70 and pin 74.

Referring to FIG. 36, radial axis RA of crankshaft 20 and
crankpin 24 has rotated 225 degrees from first stroke termi-
nation angle 6, such that piston 16 has reversed direction and
has started to travel back toward the point of maximum stroke
and is 3.038 inches from the point of maximum stroke. As can
be seen in FIG. 36, bushing 40 and bushing control plate 48
continue rotate clockwise. As a result of interaction between
elongated profile 52, link 70, and pin 74, pin 74 is still located
at the proximal end of elongated profile 52 due to movement
of crankpin 24 even farther away from link 70 and pin 74
relative to FIGS. 35A and 35B.

InFIG. 37, radial axis RA of crankshaft 20 and crankpin 24
has rotated 270 degrees from first stroke termination angle 6,
and piston 16 continues to travel back toward the point of
maximum stroke and is 1.904 inches from the point of maxi-
mum stroke. As can be seen in FIG. 37, bushing 40 and
bushing control plate 48 continue rotate clockwise. As aresult
of interaction between elongated profile 52, links 70, and pin
74, pin 74 remains located at the proximal end of elongated
profile 52 due to movement of crankpin 24 even farther away
from links 70 and pin 74 relative to FIG. 36. As bushing 40
and bushing control plate 48 continue rotate clockwise, they
return to the relative orientations shown in FIGS. 27A and
27B, which coincide with radial axis RA being at the first
stroke termination angle 6, of 0 degrees.

Thus, as demonstrated by the exemplary embodiment
shown in FIGS. 27A-37, the effective length of connecting
rod 28 is controlled to delay and slow the downward travel of
piston 16 based on the configuration of and/or interaction
between bushing 40, bushing control plate 48, elongated pro-
file 52, link 70, and pin 74. According to some embodiments,
this configuration and/or interaction can be tailored to achieve
desired performance characteristics of exemplary engine 10,
such as, for example, improved efficiency, improved power
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output, improved responsiveness, and/or improved torque.
For example, the shape of elongated profile 52 may be tai-
lored to improve efficiency and/or power of exemplary engine
10.

According to some embodiments, bushing control rod 68
may be fixed relative to cylinder block 12. According to other
embodiments, bushing control rod 68 may be movably
coupled with respect to cylinder block 12, such that, for
example, movement of bushing control rod 68 changes at
least one of the timing and magnitude of the delay of initiation
of the power stroke.

According to some embodiments, initiation of the power
stroke of exemplary engine 10 may be delayed until crank-
shaft 20 has rotated at least about 15 degrees beyond the first
stroke termination angle 0, of the compression stroke. In
other embodiments, initiation of the power stroke may be
delayed until crankshaft 20 has rotated at least about 20
degrees beyond the first stroke termination angle 6, of the
compression stroke (e.g., atleast about 25 degrees beyond the
first stroke termination angle 6, ). In other embodiments, rota-
tion may be set to about 30, 35, or 40 degrees (see, e.g., FIG.
31) beyond the first stroke termination angle 8, of the com-
pression stroke.

FIGS. 38-55 schematically illustrate another exemplary
embodiment of engine 10. Exemplary engine 10 shown in
FIGS. 38-55 is similar to exemplary engines 10 shown in
FIGS. 1-37. For example, exemplary engine 10 shown in
FIGS. 38-55 includes a bracket 58 operably coupled to engine
10, for example, via cylinder block 12. Exemplary bracket 58
includes a member 60 extending longitudinally with respect
to cylinder block 12 and one or more retainers 62 extending
from member 60 toward cylinder block 12. Exemplary retain-
ers 62 each define a space 64 and apertures 66 receiving a
bushing control rod 68, which extends longitudinally with
respect to cylinder block 12. According to the exemplary
embodiment shown, a link 70 extends from bushing control
rod 68 and terminates at a distal end defining an aperture 72.
In one embodiment, a pin 74 operably couples a pair of links
70 to a bushing control plate 48.

In the exemplary embodiment shown in FIGS. 38-55, one
or more sleeves 69 may be provided on bushing control rod
68, and/or one or more sleeves 75 may be provided on respec-
tive pins 74. For example, as shown in FIGS. 39, 44, and 45 A,
as well as others, exemplary sleeves 69 are positioned
between bushing control rod 68 and links 70, and exemplary
sleeves 75 are positioned between respective pins 74 and
elongate profiles 52 of respective bushing control plates 48.
Sleeves 69 and 75 may be formed from, for example, hard-
ened tool steel or a material having similar properties. Sleeves
69 and 75 may be, or may include, roller bearings. Sleeves 69
and/or 75 may serve to reduce friction and/or wear of elongate
profiles 52, links 70, pins 74, and/or bushing control rods 68.

Unlike the exemplary embodiments shown in FIGS. 1-37,
in the exemplary embodiment shown in FIGS. 38-55, bushing
control plate 48 does not include an elongate profile 52 (see
FIG. 42). Rather, as shown in FIGS. 45A-55, link 70 pivots in
an oscillating manner with respect to bushing control rod 68
as crankshaft 20 rotates. This pivoting of link 70 results in
oscillating rotation of bushing 40 within first end aperture 32
of connecting rod 28. As a result, the effective length LC of
connecting rod 28 is altered based on the relative relationship
between bushing 40 and connecting rod 28 as crankpin 24
revolves about crankshaft axis CS, as shown in FIGS. 45A-
55. Similar to the exemplary embodiments shown in FIGS.
1-37, selective alteration of the effective connecting rod
length [.C results in a substantial delay in downward travel of
piston 16 at the beginning of the power stroke. For the reasons
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outlined above, this improves the efficiency and/or power of
engine 10. Further, the relative configurations and relation-
ships between bracket 58, bushing control rod 68, link 70 and
bushing control plate 48 may be tailored to achieve desired
performance and efficiency characteristics of engine 10.

FIGS. 56-69 schematically illustrate a further exemplary
embodiment of engine 10 that results in operation similar to
the exemplary embodiments shown in FIGS. 1-55. Exem-
plary engine 10 shown in FIGS. 526-69 includes a bracket 58
operably coupled to engine 10, for example, via cylinder
block 12. As shown in F1G. 58, exemplary bracket 58 includes
a member 60 extending longitudinally with respect to cylin-
der block 12 and one or more retainers 62 extending from
member 60 toward cylinder block 12. Exemplary retainers 62
each define a space 64 and apertures 66 (see FIGS. 58 and 59)
receiving a bushing control rod 68, which extends longitudi-
nally with respect to cylinder block 12.

In a departure from the exemplary embodiments shown in
FIGS. 1-55, and as shown in FIGS. 56, 58, and 59, exemplary
engine 10 includes rocker followers 76 configured to follow
cam portions 78, which are operably coupled to bushing
control plates 48 (see FIG. 60). Exemplary rocker followers
76 include one or more bearings 80 (see FIG. 62) and are
configured to pivot on bushing control rod 68 as respective
cam portions 78 pass between bushing control rod 68 and
bearings 80. In the exemplary embodiment shown, cam por-
tions 78 define a slight curve.

In the exemplary embodiment shown in FIGS. 56-69, one
or more sleeves 69 may be provided on respective bushing
control rods 68 and/or bearings 80. For example, as shown in
FIGS. 63 A and 64, as well as others, exemplary sleeves 69 are
positioned between respective bushing control rods 68 and
bearings 80 and cam portions 78. Sleeves 69 may be formed
from, for example, hardened tool steel or a material having
similar properties. Sleeves 69 may be, or may include, rollers
bearings. Sleeves 69 may serve to reduce friction and/or wear
of bushing control rods 68, bearings 80, and/or cam portions
78.

As shown in FIGS. 62-69, by virtue of being coupled to
bushing control plates 48, as crankshaft 20 rotates, bushing
control plates 48 are driven in a revolving manner about
crankshaft 20 via crankpins 24. As a result, cam portions 78
are driven in a reciprocating manner through rocker followers
76. By virtue of the interaction between the rocker followers
76 and respective cam portions 78, oscillating rotation of
bushing 40 within first end aperture 32 of connecting rod 28
is controlled. As a result, the effective length L.C of connect-
ing rod 28 is altered based on the relative relationship
between bushing 40 and connecting rod 28 as crankpin 24
revolves about crankshaft axis CS, as shown in FIGS. 63A-
69. Similar to the exemplary embodiments shown in FIGS.
1-55, selective alteration of the effective connecting rod
length L.C results in a substantial delay in downward travel of
piston 16 at the beginning of the power stroke. For the reasons
outlined above, this improves the efficiency and/or power of
engine 10. Further, the relative configurations and relation-
ships between bracket 58, bushing control rod 68, bushing
control plates 48, rocker followers 76, and cam portions 78
may be tailored to achieve desired performance and efficiency
characteristics of engine 10.

FIGS. 70-81B schematically illustrate yet a further exem-
plary embodiment of engine 10. The exemplary embodiment
shown in FIGS. 70-81B is similar to the exemplary embodi-
ments shown in FIGS. 1-37. In contrast with engines 10
shown in FIGS. 1-37, however, for the exemplary embodi-
ment shown in FIGS. 70-81B, oscillation of bushing control
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plates 48 is controlled via a camshaft assembly 88 rather than
via elongated profile 52 of the embodiments shown in FIGS.
1-37.

Referring to FIGS. 70-73, exemplary engine 10 includes a
bracket 58 operably coupled to engine 10, for example, via
cylinder block 12. Exemplary bracket 58 includes a member
60 extending longitudinally with respect to cylinder block 12
and one or more retainers 62 extending from member 60
toward cylinder block 12. Exemplary retainers 62 each define
a space 64 for receiving a respective follower 82. Followers
82 are pivotally coupled to a respective retainer 62 at one end
via a pin 65 (FIGS. 70, 72, and 73) and to a respective link 70
at an opposite end via a bushing control rod 68 (see FIGS.
71-73). Followers 82 include a finger 84 (see FIG. 71) on one
side and a spring retainer 86 on the opposite side.

In the exemplary embodiment shown in FIGS. 70-81B,
sleeves 67 may be provided on respective pins 65, sleeves 69
may be provided on respective bushing control rods 68, and/
or sleeves 75 may be provided on respective pins 74 (see
FIGS. 76, 77A, and 78A). For example, exemplary sleeves
67, 69, and 75 are positioned respectively between respective
pins 65 and links 82, between respective bushing control rods
68 and links 70, and between respective pins 74 and bushing
control plates 48. Sleeves 67, 69, and 75 may be formed from,
for example, hardened tool steel or a material having similar
properties. Sleeves 67, 69, and 75 may be, or may include,
roller bearings. Sleeve(s) 67, 69, and/or 75 may serve to
reduce friction and/or wear of pins 65, links 82, elongate
profiles 52, links 70, pins 74, and/or bushing control rods 68.

Exemplary engine 10 shown in FIGS. 70-81B includes a
camshaft assembly 88. Exemplary camshaft assembly 88
includes a camshaft 90 and a cam drive member 92 driven via
adrive linkage 94, such as, for example, a belt, chain, or gears,
which, in turn, is driven via crankshaft 20. Referring to FIG.
74, camshaft 90 includes a number of profiled cams 96
mounted on a drive shaft 98.

During operation, as crankshaft 20 rotates, drive linkage 94
drives cam drive member 92, which is operably coupled to
drive shaft 98, thereby rotating camshaft 90. Fingers 84 of
followers 82 ride on respective profiled cams 96 as camshaft
90 rotates, thereby causing followers 82 to pivot with respect
to retainers 62. Springs 100 are mounted on respective spring
retainers 86 and bias fingers 84 of followers 82 such that they
stay in contact with and ride against profiled cams 96 as they
rotate. Thus, followers 82 oscillate with respect to retainers
62, such that respective links 70 are driven according to the
profile of profiled cams 96. Links 70 are, in turn, coupled to
respective bushing control plates 48, thus resulting in control
of'the movement of bushings 40 within first end apertures 32
of connecting rods 28.

As aresult, the effective length LC of connecting rod 28 is
altered based on the relative relationship between bushing
control plate 48 and connecting rod 28 as crankpin 24
revolves about crankshaft axis CS, as shown in FIGS. 77A-
81B. Similar to the exemplary embodiments shown in FIGS.
1-69, selective alteration of the effective connecting rod
length [.C results in a substantial delay in downward travel of
piston 16 at the beginning of the power stroke. For the reasons
outlined above, this improves the efficiency and/or power of
engine 10. Further, the shape of cam profiles 96 (as well as the
structural relationships among followers 82, links 70, and
bushing control plates 48) may be tailored to achieve desired
performance and efficiency characteristics of engine 10.

At least some portions of exemplary embodiments of the
systems outlined above may used in association with portions
of other exemplary embodiments. Moreover, at least some of
the exemplary embodiments disclosed herein may be used
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independently from one another and/or in combination with
one another and may have applications to internal combustion
engines not disclosed herein.

It will be apparent to those skilled in the art that various
modifications and variations can be made to the structures and
methodologies described herein. Thus, it should be under-
stood that the invention is not limited to the subject matter
discussed in the description. Rather, the present invention is
intended to cover modifications and variations.

What is claimed is:

1. An internal combustion engine comprising:

acylinder block defining a cylinder, the cylinder defining a
longitudinal axis;

a crankshaft defining a crankpin, wherein the crankshaft is
rotatably received by the cylinder block and rotates
along a longitudinal axis, wherein the crankpin defines a
longitudinal axis parallel to and offset by a distance with
respect to the longitudinal axis along which the crank-
shaft rotates, and wherein a line extending between the
longitudinal axis along which the crankshaft rotates and
the longitudinal axis of the crankpin defines a radial axis
of the crankshaft;

a connecting rod defining a first end, a second end, and a
longitudinal axis extending between the first and second
ends, wherein the first end of the connecting rod defines
an aperture operably coupled to the crankpin;

apiston operably coupled to the second end of the connect-
ing rod;

a bushing defining an external circumferential diameter
and an aperture defining an internal circumferential
diameter, wherein a center defined by the external cir-
cumferential diameter and a center defined by the inter-
nal circumferential diameter are offset with respect to
one another, and wherein the internal circumferential
diameter is operably coupled to the crankpin and the
external circumferential diameter is operably coupled to
the aperture defined by the connecting rod, thereby oper-
ably coupling the connecting rod to the crankpin; and

a bushing control assembly operably coupled to the bush-
ing and configured to control oscillation of the bushing
with respect to the aperture of the connecting rod,

wherein rotation of the crankshaft results in reciprocating
movement of the piston via the connecting rod within the
cylinder, the reciprocating movement defining:

a compression stroke terminating when the radial axis of
the crankshaft is substantially aligned with the longi-
tudinal axis defined by the cylinder at a first stroke
termination angle and the crankpin is located proxi-
mate the cylinder with respect to the longitudinal axis
defined by the crankshaft, and

a power stroke terminating when the radial axis of the
crankshaft is substantially aligned with the longitudi-
nal axis defined by the cylinder at a second stroke
termination angle and the crankpin is located distal
from the cylinder with respect to the longitudinal axis
defined by the crankshatft,

wherein the bushing control assembly comprises:

a bushing control plate defining an elongated profile
having a shape, and

a bushing control rod configured to follow the elongated
profile, such that oscillation of the bushing is con-
trolled to delay initiation of the power stroke accord-
ing to the shape of the elongated profile, and

wherein the bushing control rod defines a longitudinal axis
that extends parallel to the longitudinal axis defined by
journals of the crankshaft.
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2. The engine of claim 1, wherein the shape of the elon-
gated profile is tailored to improve efficiency of the engine.

3. The engine of claim 1, wherein the shape of the elon-
gated profile is tailored to improve power output of the
engine.

4. The engine of claim 1, wherein the elongated profile is
defined by an internal cam.

5. The engine of claim 1, wherein the bushing control rod
is fixed with respect to the cylinder block.

6. The engine of claim 1, wherein the bushing control rod
is movably mounted with respect to the cylinder block.

7. The engine of claim 6, wherein bushing control assem-
bly is configured such that movement of the bushing control
rod changes at least one of timing and magnitude ofa delay of
initiation of the power stroke.

8. The engine of claim 1, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 15 degrees
beyond the first stroke termination angle of the compression
stroke.

9. The engine of claim 1, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 20 degrees
beyond the first stroke termination angle of the compression
stroke.

10. The engine of claim 1, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 25 degrees
beyond the first stroke termination angle of the compression
stroke.

11. The engine of claim 1, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 30 degrees
beyond the first stroke termination angle of the compression
stroke.

12. The engine of claim 1, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 35 degrees
beyond the first stroke termination angle of the compression
stroke.

13. The engine of claim 1, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 40 degrees
beyond the first stroke termination angle of the compression
stroke.

14. The engine of claim 1, wherein the bushing control
assembly comprises:

an internal cam defining the elongated profile having a

shape; and

the bushing control rod defines a cam follower configured

to follow the shape of the internal cam.

15. The engine of claim 14, wherein the bushing control
plate is operably coupled to the crankpin via the bushing, and
the cam follower is operably coupled to the cylinder block.

16. The engine of claim 14, wherein the bushing control
assembly is configured to control oscillation of the bushing to
delay initiation of the power stroke according to the shape of
the internal cam.

17. The engine of claim 1, wherein the elongated profile of
the bushing control plate comprises at least one curved por-
tion.

18. An internal combustion engine comprising:

a cylinder block defining a cylinder, the cylinder defining a

longitudinal axis;

a crankshaft defining a crankpin, wherein the crankshatft is

rotatably received by the cylinder block and rotates
along a longitudinal axis, wherein the crankpin defines a
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longitudinal axis parallel to and offset by a distance with
respect to the longitudinal axis along which the crank-
shaft rotates, and wherein a line extending between the
longitudinal axis along which the crankshaft rotates and
the longitudinal axis of the crankpin defines a radial axis
of the crankshaft;

a connecting rod defining a first end, a second end, and a
longitudinal axis extending between the first and second
ends, wherein the first end of the connecting rod defines
an aperture operably coupled to the crankpin;

apiston operably coupled to the second end of the connect-
ing rod;

a bushing defining an external circumferential diameter
and an aperture defining an internal circumferential
diameter, wherein a center defined by the external cir-
cumferential diameter and a center defined by the inter-
nal circumferential diameter are offset with respect to
one another, and wherein the internal circumferential
diameter is operably coupled to the crankpin and the
external circumferential diameter is operably coupled to
the aperture defined by the connecting rod, thereby oper-
ably coupling the connecting rod to the crankpin; and

a bushing control assembly operably coupled to the bush-
ing and configured to control oscillation of the bushing
with respect to the aperture of the connecting rod,

wherein rotation of the crankshaft results in reciprocating
movement of the piston via the connecting rod within the
cylinder, the reciprocating movement defining:

a compression stroke terminating when the radial axis of
the crankshaft is substantially aligned with the longi-
tudinal axis defined by the cylinder at a first stroke
termination angle and the crankpin is located proxi-
mate the cylinder with respect to the longitudinal axis
defined by the crankshaft, and

a power stroke terminating when the radial axis of the
crankshaft is substantially aligned with the longitudi-
nal axis defined by the cylinder at a second stroke
termination angle and the crankpin is located distal
from the cylinder with respect to the longitudinal axis
defined by the crankshaft, and

wherein the bushing control assembly comprises:

a bushing control plate defining an internal cam having
a shape, and

abushing control rod defining a cam follower configured
to follow the shape of the internal cam,

wherein the bushing control plate is operably coupled to
the crankpin via the bushing, and the cam follower is
operably coupled to the cylinder block,

wherein oscillation of the bushing is controlled to delay
initiation of the power stroke according to the shape of
the internal cam, and

wherein the bushing control rod defines a longitudinal
axis that extends parallel to the longitudinal axis
defined by journals of the crankshaft.

19. The engine of claim 18, wherein the shape of the

internal cam is tailored to improve efficiency of the engine.

20. The engine of claim 18, wherein the shape of the

internal cam is tailored to improve power output of the
engine.

21. The engine of claim 18, wherein the bushing control

rod is fixed with respect to the cylinder block.

22. The engine of claim 18, wherein the bushing control

rod is movably mounted with respect to the cylinder block.

23. The engine of claim 22, wherein bushing control

assembly is configured such that movement of the bushing
control rod changes at least one of timing and magnitude of a
delay of initiation of the power stroke.
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24. The engine of claim 18, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 15 degrees
beyond the first stroke termination angle of the compression
stroke.

25. The engine of claim 18, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 20 degrees
beyond the first stroke termination angle of the compression
stroke.

26. The engine of claim 18, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 25 degrees
beyond the first stroke termination angle of the compression
stroke.

27. The engine of claim 18, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 30 degrees
beyond the first stroke termination angle of the compression
stroke.

28. The engine of claim 18, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 35 degrees
beyond the first stroke termination angle of the compression
stroke.

29. The engine of claim 18, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 40 degrees
beyond the first stroke termination angle of the compression
stroke.

30. The engine of claim 18, wherein the internal cam of the
bushing control plate comprises at least one curved portion.

31. An internal combustion engine comprising:

a cylinder block defining a cylinder, the cylinder defining a
longitudinal axis;

a crankshaft defining a crankpin, wherein the crankshatft is
rotatably received by the cylinder block and rotates
along a longitudinal axis, wherein the crankpin defines a
longitudinal axis parallel to and offset by a distance with
respect to the longitudinal axis along which the crank-
shaft rotates, and wherein a line extending between the
longitudinal axis along which the crankshaft rotates and
the longitudinal axis of the crankpin defines a radial axis
of the crankshaft;

a connecting rod defining a first end, a second end, and a
longitudinal axis extending between the first and second
ends, wherein the first end of the connecting rod defines
an aperture operably coupled to the crankpin;

apiston operably coupled to the second end of the connect-
ing rod;

a bushing defining an external circumferential diameter
and an aperture defining an internal circumferential
diameter, wherein a center defined by the external cir-
cumferential diameter and a center defined by the inter-
nal circumferential diameter are offset with respect to
one another, and wherein the internal circumferential
diameter is operably coupled to the crankpin and the
external circumferential diameter is operably coupled to
the aperture defined by the connecting rod, thereby oper-
ably coupling the connecting rod to the crankpin; and

a bushing control assembly operably coupled to the bush-
ing and configured to control oscillation of the bushing
with respect to the aperture of the connecting rod,

wherein rotation of the crankshaft results in reciprocating
movement of the piston via the connecting rod within the
cylinder, the reciprocating movement defining:
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a compression stroke terminating when the radial axis of
the crankshaft is substantially aligned with the longi-
tudinal axis defined by the cylinder at a first stroke
termination angle and the crankpin is located proxi-
mate the cylinder with respect to the longitudinal axis
defined by the crankshaft, and

a power stroke terminating when the radial axis of the
crankshaft is substantially aligned with the longitudi-
nal axis defined by the cylinder at a second stroke
termination angle and the crankpin is located distal
from the cylinder with respect to the longitudinal axis
defined by the crankshatft,

wherein the bushing control assembly is configured to

delay initiation of the power stroke until the crankshaft

has rotated at least about 15 degrees beyond the first
stroke termination angle of the compression stroke, and
wherein the bushing control assembly comprises:

a bushing control plate defining an elongated profile
having a shape; and

a bushing control rod configured to follow the shape of
the elongated profile,

wherein the bushing control rod defines a longitudinal
axis that extends parallel to the longitudinal axis
defined by journals of the crankshaft.

32. The engine of claim 31, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 20 degrees
beyond the first stroke termination angle of the compression
stroke.

33. The engine of claim 31, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 25 degrees
beyond the first stroke termination angle of the compression
stroke.

34. The engine of claim 31, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 30 degrees
beyond the first stroke termination angle of the compression
stroke.

35. The engine of claim 31, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 35 degrees
beyond the first stroke termination angle of the compression
stroke.

36. The engine of claim 31, wherein the bushing control
assembly is configured to delay initiation of the power stroke
until the crankshaft has rotated at least about 40 degrees
beyond the first stroke termination angle of the compression
stroke.

37. The engine of claim 31, wherein:

the bushing control rod defines a cam follower configured

to follow the elongated profile, such that the bushing

control assembly is configured to control oscillation of
the bushing to delay initiation of the power stroke
according to the shape of the elongated profile.

38. The engine of claim 37, wherein the shape of the
elongated profile is tailored to improve efficiency of the
engine.
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39. The engine of claim 37, wherein the shape of the
elongated profile is tailored to improve power output of the
engine.

40. The engine of claim 37, wherein the elongated profile is

5 defined by an internal cam.

41. The engine of claim 37, wherein the bushing control
rod is fixed with respect to the cylinder block.

42. The engine of claim 37, wherein the bushing control
rod is movably mounted with respect to the cylinder block.

43. The engine of claim 42, wherein bushing control
assembly is configured such that movement of the bushing
control rod changes at least one of timing and magnitude of
the delay of initiation of the power stroke.

44. The engine of claim 31, wherein the bushing control
plate is operably coupled to the crankpin via the bushing, and
15 the cam follower is operably coupled to the cylinder block.

45. The engine of claim 31, wherein the bushing control
assembly is configured to control oscillation of the bushing to
delay initiation of the power stroke according to the shape of
the elongated profile.

20 46. A power train comprising:

the engine of any one of claims 1, 18, or 31;

a transmission operably coupled to the engine; and

a drive member configured to perform work, the drive
member being operably coupled to the transmission.

55 47.The power train of claim 46, wherein the drive member

comprises a propulsion device.

48. The power train of claim 47, wherein the propulsion
device comprises at least one of a wheel and a propeller.

49. The power train of claim 46, further comprising:

30  a generator configured to convert rotational power into
electrical power, the generator being operably coupled
to the engine; and

apower storage device configured to store electrical power,
the power storage device being operably coupled to the

35 generator,

wherein the transmission comprises an electric motor.

50. A vehicle comprising:

the engine of any one of claim 1, 18, or 31;

a transmission operably coupled to the engine; and

40  a drive member configured to perform work, the drive
member being operably coupled to the transmission.

51. The vehicle of claim 50, wherein the drive member
comprises a propulsion device.

52. The vehicle of claim 50, wherein the propulsion device

45 comprises at least one of a wheel and a propeller.

53. The vehicle of claim 50, further comprising:

a generator configured to convert rotational power into
electrical power, the generator being operably coupled
to the engine; and

50  apower storage device configured to store electrical power,
the power storage device being operably coupled to the
generator,

wherein the transmission comprises an electric motor.

54. The vehicle of claim 50, wherein the vehicle comprises

55 one of a car, van, truck, boat, ship, train, and air vehicle.

55. The engine of claim 31, wherein the elongated profile
of the bushing control plate comprises at least one curved
portion.
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